Finite element (FE) analysis has been applied for the past 40 years to simulate the mechanical behavior of bone. Although several validation studies have been performed on specific anatomical sites and load cases, this study aims to review the predictability of human bone strength at the three major osteoporotic fracture sites quantified in recently completed in vitro studies at our former institute. Specifically, the performance of FE analysis based on clinical computer tomography (QCT) is compared with the ones of the current densitometric standards, bone mineral content, bone mineral density (BMD) and areal BMD (aBMD). Clinical fractures were produced in monotonic axial compression of the distal radii, vertebral sections and in side loading of the proximal femora. QCT-based FE models of the three bones were developed to simulate as closely as possible the boundary conditions of each experiment. For all sites, the FE methodology exhibited the lowest errors and the highest correlations in predicting the experimental bone strength. Likely due to the improved CT image resolution, the quality of the FE prediction in the peripheral skeleton using high-resolution peripheral CT was superior to that in the axial skeleton with whole-body QCT. Because of its projective and scalar nature, the performance of aBMD in predicting bone strength depended on loading mode and was significantly inferior to FE in axial compression of radial or vertebral sections but not significantly inferior to FE in side loading of the femur. Considering the cumulated evidence from the published validation studies, it is concluded that FE models provide the most reliable surrogates of bone strength at any of the three fracture sites.
Introduction
Application of finite element (FE) analysis to determine stresses in human bones was initiated in the early 1970s in the field of orthopedic biomechanics.
In the 1980s, FE analysis was already perceived as a highly promising tool in orthopedics and other clinical fields, but the enormous gap between the idealized biomechanical models that could be solved by FE and the clinical applications was readily recognized. The question as to whether this new computational methodology helps the patient could not be answered definitively. The communication between engineering and the medical faculty was considered a major problem that contributed to the establishment of joint educational programs.
The lack of accurate three-dimensional (3D) anatomy, bone material properties and loading conditions was also identified.
In fact, the FE method was available but the necessary input data were missing.
In the 1990s, the availability of computer tomography (CT) provided a strong impulse for the generation of anatomyspecific FE models of whole bones. 1 Bone heterogeneity and anisotropy were found to be important for both static and dynamic analyses. 2 The elastic properties of cortical bone were assembled from those of osteons by homogenization theory. 3 Trabecular bone was analyzed by FE as idealized open and/or closed cell models or from the first microCT reconstructions, 4 and its apparent elastic properties were also computed by homogenization theory. 5 Nonlinear 3D constitutive models for bone based on plasticity and damage appeared in the literature. 6 Bone-remodeling scenarios were also intensively developed using FE. 7, 8 During the past Bone and Joint decade (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) , awareness of osteoporosis increased and the number of publications with the string 'FE' grew rapidly. 9 The development of computer hardware and software tools allowed substantial progress in the area of model validation 10 and began the era of patient-specific FE modeling.
A recent report reviewed the principles of the CT-based FE method and its application in the hip and spine. 11 In this paper, we aim to synthesize three recent validation experiments performed in our laboratory for patient-specific modeling of three skeletal sites at high risk of osteoporotic fractures: the distal radius, the vertebral body and the proximal femur. In particular, we quantify the predictive power of the voxel-based FE methodology for the image resolution available in vivo and compare it with the current densitometric surrogates of bone strength, bone mineral content (BMC) and areal bone mineral density (aBMD), for each anatomical site.
Study Design
The adopted study design consisted first in obtaining a substantial number of human bones from both genders and a broad age range with the approval of the local ethics commission. Custom chambers were built to scan the bones in a predefined coordinate system with CT. Before scanning, the bones were immersed in saline solution to mimic the presence of soft issues and exposed to vacuum in order to remove air bubbles that create artifacts in the local mineral density. A calibration phantom was used to calculate the calibration function between the attenuation coefficient and BMD for each bone.
Representative but maximally simplified loading scenarios were then applied to each bone to reproduce typical fractures observed in patients with osteoporosis. The number of materials and interfaces intervening in the testing set-up were minimized for proper reproduction of the loading scenario in the FE model. The bones were tested monotonically to failure in a servohydraulic testing system (MTS 858 Mini-Bionix, MTS Corp, Eden Prairie, MN, USA).
Voxel meshes of the bones and potential embedding materials were generated in a fully automated manner with an element size that saved computational resources in the perspective of large clinical studies but showed acceptable accuracy when compared with refined meshes. 12 For microstructural FE (microFE) models such as those obtained from high-resolution peripheral CT (HR-pQCT), the elastic properties of bone tissue were based on nanoindentation measurements. 13 For homogenized FE models generated from clinical CT (QCT), the nonlinear material properties of each element were based on the local calibrated BMD converted into bone volume fraction and morphology-mechanical property relationships for trabecular bone 14 that were identified on human biopsies. 15 When available, fabric information was included in the morphology-mechanical property relationships, but the cortex was not distinguished from trabecular bone.
The morphology-mechanical property relationships fitted for trabecular bone were adequately extrapolated to reach bone tissue properties for a volume fraction equal to 1. The constitutive model for bone tissue was elastic, plastic with damage, that is, coupled accumulation of plastic deformation and reduction of stiffness beyond a given yield surface in stress space. 16 The FE meshes were generated with a custom script manager (MedTool, TU-Wien, Vienna, Austria) and the analyses were performed on a computing server (2 Â 2 XEON 3.0 GHz processors, 32 GB RAM) with ParFE (Professor PArbenz, ETHZ, Zurich, Switzerland) software for the linear models of the distal radius and with Abaqus (version 6.8, Simulia, Dassault Systè mes, Velizy-Villacoublay, France) software for the nonlinear models of the vertebral sections and proximal femora.
Full methodological details of the three studies on the distal radius, vertebral sections and proximal femora can be found in Varga et al. 17 and Dall'Ara et al. 18, 19 Linear regressions were calculated between the experimental maximal force or strength and the FE or densitometric variables. The adjusted Pearson's correlation coefficients and the root mean square errors (RMSE) of the predictions were calculated for all linear regressions. The statistical comparisons of the dependent correlation coefficients were made with the T 2 distribution described in Steiger. 20 
Ultimate Load of the Distal Radius Using HR-pQCT
Colle's fracture is considered as an early osteoporotic fracture and is characterized by an angulated compressive failure of the distal radius. 21 In a recent radiographical study, the fracture line was located dorsally 7.9±2.7 mm and palmarly 11.7±3.9 mm proximal to the corresponding lunate fossa apex. 22 Materials and methods. After alignment of the shaft and embedding of the proximal and distal ends in polymethyl methacrylate (PMMA), 26 formalin-fixed distal radii (11 men and 16 women, aged 61-103) were scanned using a clinical HR-pQCT (XtremeCT, Scanco Medical, Brü ttisellen, Switzerland) protocol with a voxel size of 82 m. The biomechanical testing set-up developed in Varga et al. 23 and illustrated in Figure 1 consisted of an axial loading of the radial shaft with an inclined distal embedding that produced a combined compression and bending in the distal region. All bones were tested to failure with a loading rate of 1 mm s À 1 . Cutting of the radii in a sagittal plane after testing revealed a white, inclined compression line that corresponded rather well to the definition of Colle's fracture. Although a nonlinear homogenized FE model of this experiment was realized and allowed to reproduce the individual fracture loads and locations of this experiment, a clinically more important question was addressed in a subsequent paper 24 where only the distal 9 mm section of the radius corresponding to the standard clinical protocol of the HR-pQCT manufacturer was modeled ( Figure 1 ). As Colles' fracture was found to occur in the vicinity of this section, it was legitimate to test whether the strength of that standard section would predict the strength of the whole-distal radius. A simple linear microFE model was therefore generated for each radial section and subjected to axial compression between two rigid plates with infinite friction. The elastic modulus of bone tissue was set to 15 GPa and the Poisson ratio to 0.3, based on a previous indentation study. 23, 25 The fracture load was determined from the linear FE analysis using an empirical rule proposed by Pistoia et al. 26 Results. The regression plots for prediction of the experimental strength of the distal radius are shown in Figure 2 for microFE, BMC and simulated aBMD. The predictions of microFE are quantitatively correct with a slope close to 1. Although the microFE analysis delivers the highest correlation Tables 1 and 2 ). The predictions of aBMD are significantly inferior for maximal load (P ¼ 0.003) but not for maximal apparent stress (P ¼ 0.284). The predictions of BMD are approaching those of the microFE method for maximal apparent stress (P ¼ 0.347). Table 3 , the precise biomechanical testing set-up of the present study allowed achieving better microFE predictions of maximal force of the standard distal radius section than in the studies by Pistoia et al. 26 (R 2 ¼ 0.75) and Mueller et al. 27 (R 2 ¼ 0.73). The experimental compression of the wrist including soft tissues but neglecting muscle forces may have generated stress fields that were more difficult to reproduce in a FE model. Given the HR-pQCT images, the use of a homogenized nonlinear model in Varga et al. 28 did not improve the correlations with respect to linear microFE models for radial sections but may help to reduce the necessary computational resources for clinical applications in the future. The remarkable predictions of maximum force by BMC may be attributed to the optimal structure of the distal radius to sustain axial compressive load. There is no superfluous tissue and mineral mass correlates significantly with stiffness, which in turn is closely related to strength. The weak performance of aBMD in predicting maximal force was also observed by Pistoia et al. 26 The implications of these outstanding in vitro results of microFE analysis are reflected by its discrimination power of fragility fractures in a number of cross-sectional studies, for example, Vilayphiou et al., 29 Stein et al., 30 Vilayphiou et al., 31 Boutroy et al. 32 and Melton et al. 33 Ultimate Load of Vertebral Sections Using QCT Nontraumatic vertebral fractures represent a hallmark of osteoporosis and have been thoroughly classified. 34 Although numerous biomechanical tests were realized by embedding the vertebral bodies in PMMA ( Table 3) , an alternative consisted in resecting the endplates to produce two flat surfaces that adapt well to compression plates. A recent FE analysis study demonstrated that the strength of vertebral bodies embedded in PMMA is essentially equivalent to that of the corresponding vertebral section without the endplates. 35 Materials and methods. In the second study performed in our laboratory, 18 37 vertebral sections (7 men and 3 women, aged 44-82, T12-L5) were prepared and scanned in a custom chamber using a clinical CT protocol (Brilliance64, Philips, Hamburg, Germany) with a voxel size of 0.391 Â 0.391 Â 0.45 mm 3 . The sections were compressed monotonically at a rate of 5 mm min À 1 up to failure between two steel plates with a ball joint above the upper plate to allow free rotation ( Figure 3 ). The vertebral bodies were positioned carefully to bring the axis of the testing machine anterior to the center of gravity of the middle cross-section. Most often, anterior, and twice posterior, wedge fractures were produced, which can be found in radiological assessment schemes.
Discussion. As shown in
A homogenized voxel-based FE model of each section was generated with an edge size of 1.3 mm. The nonlinear material properties were transverse isotropic with the axis of symmetry along the inferior-superior direction. The motion of the upper plate measured in the experiment was imposed on the top surface of the FE model. Like in the experiment, the fracture load of the FE analysis was obtained from the maximum of the force-displacement curve.
Results. The regression graphs for prediction of the in vitro strength of the vertebral sections are shown in Figure 4 for homogenized FE (voxelFE), BMC and lateral aBMD. The linear regression of the FE analysis is close to the 1:1 relationship without fitting of the bone material properties. The FE analysis provides the highest correlations and the minimum relative errors. The difference between the FE model and BMC or CSA-BMD in predicting maximal force is more pronounced than that for the radial sections but remains insignificant (P ¼ 0.175 and P ¼ 0.179, respectively). The lowest correlations were obtained by aBMD and the differences with voxelFE did reach Figure 1 On the left, experimental model of Colle's fracture. 23 On the right, FE model of the standard 9 mm radius section obtained with the clinical protocol of the HR-pQCT. 24 The boundary conditions correspond to a displacement-based axial compression at the distal end with fully fixed nodes at the proximal end of the section.
FE analysis to predict bone strength PK Zysset et al significance for both maximum force and maximum apparent stress ( Table 1) . The predictions of BMD are again comparable to those of voxelFE for maximum apparent strength (P ¼ 0.283). Table 3 , other validation studies on vertebral bodies achieved comparable or better correlations with maximum force using QCT-based homogenized FE, for example, Chevalier et al., 36 Imai et al., 37 Buckley et al., 38 Crawford et al. 39 and Martin et al. 40 Size and heterogeneity of the data set are known to affect such correlations. Nevertheless, modeling of the cortex in Imai et al. 37 seems to substantially improve the FE predictions in the vertebral body. This effect was also reported in an ex vivo study using HR-pQCT. 41 A further issue is the absence of any fitting in the FE model by Dall'Ara et al. 18 Tuning material properties for a given data set may well achieve higher correlations but disregard the universality sought for a better surrogate of bone strength. The positive results of these biomechanical studies in vitro provided solid ground for its use in cross-sectional or prospective clinical studies, for example, Imai et al., 42 Graeff et al. 43 and Keaveny et al. 44 Finally, nonlinear FE of the vertebral body was shown to be statistically more sensitive than densitometric variables to evaluate the biomechanical benefit of drugs against osteoporosis. 45 

Ultimate load of the Proximal Femur in a Sideways Fall Configuration Using QCT
Fractures of the hip lead to the highest mortality, morbidity and health-care costs. A very large body of research has been conducted to study the mechanical behavior of the proximal femur and specifically for the validation of FE models in terms of strain, 10,46,47 fracture load [48] [49] [50] [51] and fracture location. 52, 53 Although very few fractures seem to occur in the standing position, both stance and side-loading configurations were investigated.
Materials and methods. In the third study conducted in our laboratory, 19 36 pairs of proximal femora (17 men and 19 women, aged 46-96) were freed of soft tissues except the cartilage of the head and embedded distally in polyurethane (PU). Each bone was submerged in a custom chamber filled with saline and subjected to a standard dual-energy X-ray absorptiometry examination (Discovery QDR, Hologic Inc., Bedford, MA, USA). In the same chamber, each sample was then scanned by clinical QCT (Brilliance64, Philips) with a calibration phantom. The reconstruction voxel size was 0.33 Â 0.33 Â 1.0 mm 3 .
The left and right femora of each pair were randomly assigned to a stance and side group for assignment to the biomechanical loading protocol. The side configuration did mimic a sideways fall onto the greater trochanter. The distal embedding of each femur was fully fixed in a servohydraulic testing system, and an axial load was applied to the head through an embedding cap in PU that allowed rotations. Custom bearings eliminated transverse forces and torsional moment. Each bone was loaded Figure  5) . The nonlinear material properties were isotropic. The distal end was fully fixed and the embedding of the greater trochanter was free to move in the horizontal plane. The axial motion of the experimental loading device was applied to the upper surface of the embedding cap taken as a rigid body where the other degrees of freedom were kept free. The fracture load of both experiment and FE analysis was again defined as the maximum of the force-displacement curve.
Results. In general, the experiments produced typical subcapital, neck and trochanteric fractures with a few atypical or indiscernible fractures. The agreement between X-rays and damage distribution computed by FE was 71% for the side configuration. The regression graphs of prediction of the femoral fracture load are shown in Figure 6 for homogenized FE (VoxelFE), BMC and the aBMD of the neck. There is a fair quantitative correspondence between the experiment and the FE prediction for the fall configuration. The coefficient of determination of the FE prediction of maximum force is higher than that of aBMD, but the difference did not show statistical significance (P ¼ 0.264). In contrast to the radial and vertebral sections, the predictions of maximum force by BMC in the femur were significantly lower than those of FE (P ¼ 0.032).
Discussion. The correlation coefficients between the FE strength predictions and the experimental strength in the fall configuration are highly consistent among the validation studies listed in Table 3 . Surprisingly, the inclusion of the cortex in the proximal femur does not appear to have the same impact on the strength predictions as in the vertebral body. This may be related to the difficulty in extracting the varying thickness of the cortex and material anisotropy of the proximal femur from whole-body QCT images. It should be noted that for homogenized voxel models of the proximal femur, nonlinear analysis performs better than linear analysis. 49 The predictions of maximum force by the FE method were higher but not significantly different than that by aBMD, which may reflect a lack of statistical power but also FE analysis to predict bone strength PK Zysset et al confirm the value of neck aBMD in predicting not only hip strength in a side configuration but also hip fractures, as shown in numerous epidemiological studies, for example, Johnell et al. 54 Nevertheless, one study could demonstrate higher correlation coefficients for some FE strength predictions when compared with hip aBMD in the fall configuration. 55 The experimental evidence supporting these QCT-based FE models of the proximal femur motivated their application in several clinical and space-flight studies. [56] [57] [58] [59] [60] [61] [62] Finally, a recent study in White women and men showed that femoral strength assessed by homogenized FE declines much faster with age than aBMD. 63 
General discussion
Three biomechanical experiments were developed to reproduce the three most common osteoporotic fractures in the laboratory and to compare the performance of several surrogates of the bone strength.
A recurrent criticism of such experiments is that they are only caricatures of the load cases occurring in the real lives of real patients. However, the aim of these experiments is not the perfect match with an individual reality but the systematic validation of the QCT-based FE methodology for representative anatomies and loading modes. The FE method is founded on the universal principles of mechanics and has the potential, after proper validation, to simulate arbitrarily complex loading cases whenever these are accurately known, for instance, from musculoskeletal models of the human body. 64 The particular load cases selected in these experiments should, therefore, not be seen as limitations in regard to the diversity of clinical fractures, but rather as opportunities to test the universal assumptions of the FE approach.
The highest correlations and lowest errors for prediction of the maximum force using the FE method were obtained at the distal radius site that benefits from detailed HR-pQCT images and for which microFE models can be realized. The FE models for vertebral sections and proximal femora exhibited weaker predictions, as their bone material properties were homogenized and based on QCT images with comparably coarser resolution. The proper consideration of cortical thickness and trabecular anisotropy may be the key factors to improve the current models and are investigated in several laboratories using high-resolution CT. 41, 65, 66 Given the excellent FE predictions obtained in the trabecular bone samples using microCT, 67 future improvements of CT technology are expected to lead to improved FE models alongside the development of refined image-processing tools.
In the case of axial compression, which was used for the distal radius and the vertebral sections, it is possible to define intensive (as opposed to extensive or additive) variables that normalize the bone mass by volume (BMD), the forces by the area (apparent stresses) and the displacements by height (apparent strains). In this perspective, aBMD is a hybrid variable that lies somewhere between BMC and BMD. In the case of the side loading of the proximal femur, the resulting stresses are heterogeneous and do not allow for a simple geometrical normalization.
In this context, the correlation coefficients (R 2 ) and the relative RMSE for the prediction of maximal force and maximal apparent stress are summarized in Tables 1 and 2 . Clearly, it makes sense to correlate intensive or extensive variables among themselves but not to mix them up. In the distal radius, the extensive variables provided better correlations and lower errors than the intensive variables. In the vertebral sections, they were comparable. The origin of this difference may be because of the distinct coefficients of variation in maximal force (32 versus 40%) and ultimate stress (31 versus 30%) in the vertebral body versus the distal radius. The normalized variables are attractive for moving from bone strength to a factor of risk toward bone fracture risk, 68 which depends on the applied load and therefore on patient body weight. On the basis of a simple dimensional analysis, it can be argued that unlike maximal force, maximal stress is approximately independent of body size and weight, 69 and therefore reflects a more objective factor of risk. FE analysis to predict bone strength PK Zysset et al
The hybrid variable aBMD has a level of strength prediction that seems to depend on the anatomical site, load configuration 70 and the particular sample collection. 55 These facts emphasize the main limitations of aBMD as a surrogate for bone strength. Although not all validation studies listed in Table 3 report comparisons with densitometric variables, their strength predictions are less consistent and are systematically, often significantly, inferior to those of the FE method. Nevertheless, it should be acknowledged that aBMD in the spine and hip requires substantially less radiation dose than QCT, costs less and is easier to calculate than FE models.
The presented FE models share several limitations with densitometric variables. First, the composition and mechanical properties of the bone extracellular matrix are assumed to be independent of anatomical site, gender and age. Although an indentation study indicates that matrix stiffness is independent of gender and age in the human vertebra, 71 it was also shown that microdamage increases 72 and the bone toughness decreases with age. 73 Second, while trabecular architecture is highly heterogeneous, its relationship with volume fraction and fabric (or its optimality) is similarly assumed to be independent of anatomical site, gender and age. However, there is still little evidence that this is not the case. 74, 75 Third, only one validation study accounted for the high strain rates characteristic of falls on the proximal femur. 55 This issue can be addressed by using rate-dependent constitutive laws in the FE models, but these need to be carefully identified for the relevant impact velocities.
To conclude, for the three most common osteoporotic fracture sites, QCT-based FE analysis is a more reliable surrogate of bone strength than densitometric variables. This implies that despite the above limitations, FE analysis represents an improved basis for fracture risk assessment when compared with densitometric variables such as aBMD when calibrated QCT images are available. This improvement may gain in clinical significance with the progress of imaging technologies and FE modeling techniques, but obviously does not address the other determinants of fracture risk such as the occurrence of falls.
